Carbonized silk fibroin (CS), which is free of metallic elements, showed high catalytic activity for oxygen-reduction reaction (ORR). The catalytic activity of CS for ORR was greatly enhanced by steam activation forming silk-derived activated carbon (CS-AC). The surface morphology, surface area, pore structure and remaining nitrogen species of the CSs were compared with those of the CS-ACs. The open-circuit potential and the power density of a polymer electrolyte fuel cell using a CS900-AC, which was heat-treated at 900°C prior to the steam activation, and a platinum/C (C: carbon black) anode under pure oxygen and hydrogen gases, respectively, both at 0.2 MPa, were 0.92 V and 142 mW cm -2 at 80°C. The ORR on the 1 activated carbon, CS900-AC, proceeded with a 3.5-electron reaction at 0.6 V (vs. RHE);
ORR activity of activated carbons since cheaper cathode catalysts must be developed if polymer electrolyte fuel cells (PEFCs) are to be widely adopted; platinum, which is currently widely used as a cathode catalyst in fuel cells, is expensive, scarce, and unstable.
In the previous paper, we reported that silk-derived activated carbons (CS-ACs) show high catalytic activity for the ORR both in sulfuric acid and as a PEFC [3] . Although the nitrogen atoms remaining in the carbon network seem to correlate with the ORR, the real role of the nitrogen atoms remains unclear, because the silk-derived activated carbon containing only 0.8% nitrogen in the carbon network showed considerably high activity for the ORR. A rotating ring disk electrode (RRDE) measurement suggested that the ORR on a silk-derived activated carbon electrode was equivalent to a 3.5-electron reaction.
Various kinds of carbon materials prepared by carbonization of nitrogen containing polymers, such as polyacrylonitrile, or metal complexes have been proposed as candidate cathode materials for the ORR, and are activated with metal salts or contain metal species themselves [4] [5] [6] [7] [8] [9] [10] [11] . The most important feature of the CSs and CS-ACs is that they contain no metal species at all. If metal species were included in the cathode material, they would inevitably dissolve into the electrolyte on polarization. For example, Fe 2+ ion forms the "Fenton reagent" with hydrogen peroxide, which is generated through the ORR, and hydroxyl radical attacks the polymer electrolyte membrane.
In this paper, the physical properties and catalytic activity of carbonized silk fibroin (CSs)
are compared with those of activated carbons (CS-ACs) heat-treated at various temperatures prior to steam activation. In addition, we attempt to reduce the formation of H 2 O 2 by oxide loading onto the activated carbon.
Experimental

Preparation of the samples
A Bombyx mori silk fibroin (Shinano Kenshi Co. Ltd., Japan) was used as the starting material after removing the sericin from the silk fiber [3] . Silk fibroin contains 18 different amino acids: glycine, alanine, valine, leucine, isoleucine, proline, tryptophan, phenylalanine, asparagine acid, glutamic acid, arginine, histidine, lysine, serine, threonine, tyrosine, methionine and cystine. The silk fibroin was carbonized under heat treatment at 500°C in a stream of N 2 gas for 6 h, giving a yield of 40%. The carbonized silk fibroin was ball-milled and then further heat-treated at 700, 900, 1200, and 1500°C under flowing N 2 gas for 3 h: the products are referred to as CS700, CS900, CS1200 and CS1500, respectively. Steam activation of the carbonized silk fibroins was performed at 850°C for 7 h. The total yield of the CS900-AC from the silk fibroin was 12%. The resulting activated carbon is denoted CS-AC, and the CS-AC which was heat-treated at 900°C prior to the steam activation is denoted as CS900-AC.
Characterization of the carbon samples
The physical properties of the CS and CS-AC samples were determined by using a high-resolution scanning electron microscope (HRSEM; Hitachi S-5000), a transmission electron microscope (TEM; JEOL JEM-2010), an x-ray diffractometer (XRD; Rigaku RINT-2550, with monochromated CuKα radiation at 40 kV and 40 mA), and an X-ray photoelectron spectrometer (XPS; Shimazu AXIS ULTRA, with monochromated MgKα radiation at 15 kV and 10 mA; the binding energy of the spectra was corrected with reference to the C1s peak at 284.6 eV). The surface area was determined by the Brunauer-Emmett-Teller (BET) method with nitrogen gas as the adsorbate (BEL Japan, BELSORP28).
Electrochemical measurements for the ORR
The ORR activity of the powder specimens of CSs and CS-ACs was evaluated in 0. Briefly, the powder specimen (20 mg) was dispersed in methanol (10 mL), and the suspension was ultra-sonicated for 30 min. Then, 10 μL of the resulting dispersion (20 μg of the catalyst powder) was dropped onto the polished glassy-carbon substrate, and the film was dried at 60°C.
10 μL of a 0.03 wt% dispersion of Nafion ® ionomer (Aldrich) in a 5 wt% water/lower alcohol mixture was dropped onto the electrode surface to stabilize the catalyst on the glassy-carbon substrate, and the assembly was heated again to 60°C. The collection coefficient of the ring electrode for the rotating ring disk electrode measurement was 0.349.
Results and Discussion
Physical properties of the CSs and CS-ACs
As shown in Fig. 1-(a) , the CS was a few micrometers in size. The SEM images of CS samples heat treated at various temperatures showed no evidence of great differences so long as the observation was conducted by SEM. The macroscopic morphology of the CS-ACs was also the same as those of the CSs. Observations with HRSEM ( Figs. 1 and 2) showed that the surface of the CS-ACs was flat at magnification. Even after the steam activation of CS-900 and CS1200 at 850°C for 7 h (CS900-AC and CS1200-AC), only a small change in the surface morphology was observed as is evident in the SEM images; however, the surface of the CS700-AC was somewhat rough, probably as a result of insufficient carbonization of the CS700.
The chemical compositions of both CSs and CS-ACs evaluated by XPS listed in Table 1 also support the insufficient carbonization of CS700. The contents of both nitrogen and oxygen species of CS700 were considerably decreased by heating to 900°C; i.e. CS900. A typical TEM image of the CS900-AC provides no evidence for the existence of a graphite-like phase (Fig.
2-(d)).
The specific surface areas of all the CSs were smaller than 10 m 2 g -1 as listed in Table 2 . On the other hand, those of CS-ACs were higher than that of the typical carbon black used for PEFCs (Vulcan XC-72R). The XRD patterns of CSs and CS-ACs shown in Fig. 3 suggest that graphitization of the CS-ACs increased gradually with increasing heat-treatment temperature.
That is, the diffraction peak corresponding to (002) at 2θ = 24° of the CS-ACs became slightly sharper (as evaluated from the half width of the (002) diffraction peaks) with increasing heat-treatment temperature, and the extent of the graphitization approached that of carbon black, although no definite structure was formed even when the CS was heat-treated at 1500°C.
Catalytic properties of the CSs and CS-ACs
Cyclic voltammograms in oxygen-saturated 0.5 M H 2 SO 4 for the CSs which were heat-treated at various temperatures are shown in Fig. 4 , and indicate that the catalytic activity for the ORR of the CS700 was the highest and drastically decreased with increasing heat-treatment temperature. The onset potential for the ORR, E ORR , for CS700, CS900, CS1200
and CS1500 was respectively 0.70 V, 0.63 V, 0.55 V and 0.43 V vs. RHE. The steam activation of these carbonized silk fibroins, CSs, greatly enhances the catalytic activity for the ORR. The values of E ORR for CS700-AC, CS900-AC and CR1200-AC were respectively 0.72 V, 0.84 V and 0.81 V vs. RHE. The catalytic activity decreased in order of CS900-AC, CS1200-AC and CS700-AC.
One of the reasons why steam activation enhanced the catalytic activity is the increase in surface area: the specific surface area of each CS increased by 122-196 times as shown in Table   2 . Although the resultant specific surface area decreased with heat-treatment temperature, the mesopore volume listed in Table 3 must also be considered, because mass transport in the mesopores is easier than in the micropores. The larger mesopore volume of CS1200-AC, 0.21
than that of CS900-AC, 0.13 cm 3 g -1 , seems to help retain the high catalytic activity of the catalyst in spite of the smaller surface area, as shown in Table 2 , and lower nitrogen content, as shown in Table 1 , compared to those of CS900-AC.
The catalytic activity of the porous electrode for the ORR in a sulfuric acid electrolyte is affected by various parameters such as: (1) the quality of active site, (2) the amount of effective active sites, or effective surface area of the electrode for the reaction, (3) reaction conditions such as type of electrolyte, temperature, concentration of reactant, or O 2 , (4) conditions of test electrodes, and (5) polarization conditions. The first parameter (1) will be discussed in the following section.
Nitrogen species in the surface layers of the CSs and CS-ACs
With regard to the ORR on carbon electrodes, it has been proposed that nitrogen atoms in the carbon participate directly or indirectly in the reaction. As has been proposed by many investigators, various types of nitrogen atoms, including pyridine-like nitrogen (398.6 eV), pyrrole-like nitrogen (400.5 eV), quaternary nitrogen (401.3 eV), and pyridine-like oxide nitrogen (402-405 eV), have been observed as described in our previous paper for the CS-ACs as well as in nitrogen-containing carbons [12] [13] [14] [15] [16] . In the case of CSs (Fig. 6 ), the proportion of pyridine-like N species decreased with increasing heat-treatment temperature, and almost disappeared for CS1200, whereas some quaternary nitrogen (401.3 eV) species remained even after the heat treatment at 1200°C. On the N1s XPS spectrum of the CS1500 no evident peak was found except a trace peak appearing between 401 eV and 402 eV. The distribution of the peak areas of these four N1s peaks of CSs and CS-ACs are listed in Table 4 This investigation showed that quaternary nitrogen atoms are a major contributor to the ORR (Fig. 6 ). The activated carbon is heat-resistant; i.e. it showed a high catalytic activity for the ORR even after heat treatment at 1200°C. This was the case even though most nitrogen-containing carbon materials are prepared at temperatures below 1100°C. This should guarantee the durability of the carbon materials, because the greater the extent of graphitization of the carbon material, the greater the durability should be. Since large quantities of unused silk are produced by the textile industry, silk-derived activated carbon, which is free of metallic elements, is inexpensive.
It has been suggested that using nitrogen-doped carbon as a catalyst support should improve the durability of the resultant catalysts due to enhanced π bonding and basicity resulting from the strong electron-donor behavior of nitrogen [25] [26] [27] [28] [29] . Actually, however, the N-doped layer showed a higher conductivity than the undoped one, probably because of the nature of n-type doping and the strong electron-donor states near the Fermi level. This is further confirmed by quantum chemical calculations [30] . Therefore, silk-derived activated carbon could potentially be used not only as a cathode catalyst itself, but also as an "active support" that contributes directly to the ORR for a catalyst. Figure 7 shows the polarization curve at 80°C for a polymer electrolyte fuel cell (PEFC) with a membrane electrode assembly (MEA) constructed with a Pt (0.1 mg cm -2 )/C catalyst anode, a perfluorosulfonic acid membrane (20 μm in thickness), and a cathode comprising CS1200-AC (8.4 mg cm -2 ) mixed with a perfluorosulfonic acid ionomer. Pure hydrogen and oxygen were introduced at a gauge pressure of 0.2 MPa for the anode and cathode, respectively.
Performance of a PEFC with a CS-AC
The cell performance was markedly dependent on the amount of CS1200-AC that was used.
Since the performance of a typical PEFC using a Pt/C cathode is considerably greater than that of this cell, the catalytic activity of silk-derived activated carbon must be enhanced much more if it is to be used for the cathode catalyst of practical PEFC cells. It must be noted that this high performance was attained with a cathode containing no metal elements at all. Although the usual reaction that occurs on graphite electrodes is nearly always the two-electron reaction, there have been reports that reactions involving more electrons may take place on nitrogen-containing carbon electrodes [11, [17] [18] [19] [20] 24] . Analyses of the ORR by a method involving a rotating ring disk electrode showed that the ORR on CS900-AC proceeds by a 3.5-electron reaction at 0.6 V vs. RHE, for example Fig. 8-(a) and Fig. 9-(a) ; however, the addition of zirconium oxide particles with a diameter of less than 100 nm to the CS900-AC resulted in a 3.9-electron reaction for the ORR as shown in Fig. 8-(b) and Fig. 9-( In this paper, the average number of electrons transferred, n, was calculated by the following equation:
Addition of zirconium oxide to a CS-AC electrode
where, I D is the current at the disk, I R the current at the ring and N the experimental collection efficiency which corresponds to the I R /I D ratio (N = 0.349), determined using an aqueous solution containing 1 mM K 3 [Fe(CN) 6 ] and 0.1 M K 2 SO 4 .
Durability of the silk-derived activated carbon electrode
A durability test of the CS900-AC activated carbon was carried out by cyclic voltammetry in RHE at 100 mV s -1 in a stationary state, were performed. Figure 10 shows the cyclic voltammograms at various potential sweeps; 1, 10, 100, 200, 500, 1000, 2000 and 6000 cycles.
Only a little change in the voltammetric charge between 1.0 V and 1.1 V vs. RHE after 6000 cycles of the potential sweep, presented in Fig. 11 , shows that the consumption of the carbon material by the potential cycles in O 2 -saturated solution was not serious. In Fig. 12 , the dependence of the current density for the ORR on the potential cycles is presented which was evaluated from the cyclic voltammograms shown in Fig. 10 . As shown in this figure, little decay of the catalytic activity with the potential cycles was observed beyond the 1000 cycles.
Conclusion
Carbonized silk fibroin showed high catalytic activity for the ORR in a sulfuric acid solution.
The catalytic activity of CS for the ORR decreased drastically with increasing heat-treatment temperature from 700°C to 1500°C. The steam activation of the carbonized silk fibroin at 850°C greatly enhanced the catalytic activity. The enhancement of the catalytic activity is thought to be caused by the more than 100-fold enlargement of the surface area; however, the increase in mesopore volume by the treatment seems to effectively enhance catalytic activity. Although four types of nitrogen species were found in the surface layers of both carbonized silk fibroins and the steam-activated ones (silk-derived activated carbons), quaternary nitrogen seems to be the most important species for the ORR. As the active site for the ORR on the activated carbon, the following candidates are suggested: (1) the quaternary nitrogen atoms, (2) the nearest-neighbor carbon atoms surrounding the quaternary nitrogen atoms, (3) at 80°C. Although the ORR on the activated carbon, CS900-AC, proceeded with a 3.5-electron reaction at 0.6 V (vs. RHE), it was improved to a 3.9-electron reaction by the addition of zirconium oxide particles at 20 wt% of the silk-derived activated carbon. Except for the initial stage of the polarization, not only high durability but also well stability in the catalytic activity of the activated carbon in an O 2 -saturated electrolyte was confirmed. Since the performance of the PEFC using the silk-derived activated carbon is still not high enough, the catalytic activity of silk-derived activated carbon must be greatly enhanced before it can be applied to practical PEFC cells.
Note that the silk-derived activated carbon, which contains no metallic species by nature and graphite-like phase, shows considerably high catalytic activity for the ORR. That is, the highest onset potential for the ORR, E ORR , was 0.84 V vs. RHE at 60°C, and a PEFC using activated carbon as the cathode achieved a power density of 142 mW cm -2 at 80°C. Table 2 . 
